In this study, we evaluate the dissolution rate enhancement of solid microcrystalline dispersion (SMD) films of olanzapine (OLZ) formulated with four water-soluble polymers namely poly(Nvinylpyrrolidone) (PVP), poloxamer 188 (P188), poloxamer 407 (P407) and Soluplus ® (SLP). Prepared formulations were characterised to determine particle size, morphology, hydrogen bonding interactions, thermal characteristics as well as in vitro dissolution studies conducted under sink conditions (pH 6.8). Particle size of OLZ in all formulations ranged between 42-58 µm. Attenuated Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR), Differential Scanning Calorimetry (DSC) and Hot-Stage Microscopy (HSM) studies confirmed OLZ was well maintained in its crystalline state during the formulation process. In vitro dissolution studies showed immediate drug release from all formulation when compared to the drug alone. The greatest increase in in vitro dissolution rate was observed in formulations containing P188 most likely due to its enhanced hydrophilic and surfactant properties compared to the other agents used. Overall, this study successfully generated OLZ loaded SMD films with improved in vitro dissolution rates which is highly likely to result in improved oral bioavailability in vivo.
INTRODUCTION
Olanzapine (OLZ) is an atypical antipsychotic drug used to treat schizophrenia and other mental health disorders (Maria Fátima Pina et al., 2014; Roo, 1913) . It is a poorly water-soluble drug classified accordingly to the Biopharmaceutics Classification System (BCS), as a class II drug. BCS class II and IV drugs represent a significant challenge in the pharmaceutical industry due to their poor oral bioavailability as a result of their low aqueous solubility (Ku, 2008) . Different formulation strategies such as co-crystal (Good and Rodríguez-Hornedo, 2009 ), salt formation (Serajuddln, 1999) , micronization (Carr et al., 2010; Khadka et al., 2014) and most commonly, solid dispersion (SD) approaches (Chiou and Riegelman, 1971; Craig, 2002; G. Van Den Mooter, 2009; RaimiAbraham et al., 2015) have been employed to increase BCS II and IV aqueous solubility and consequently enhance their oral bioavailability. A SD can be described as a delivery system whereby the drug is dispersed in a biologically inert matrix, usually with a view to enhance oral bioavailability (Craig, 2002) . There are different types of SDs with the difference between them being the solid state of the polymer-matrix and the active pharmaceutical ingredient (API) (Reintjes, 2011) . A 'glass suspension', as defined by Kolter et al. (2012) , is a SD where the drug remains in the crystalline state after being dispersed in an amorphous polymer. More commonly, this term is used to describe a SD where the drug is molecularly dispersed within an amorphous matrix (usually a polymer). Eutectic formulations contain both drug and polymer in the crystalline state (Bikiaris et al., 2005; Kolter K, Karl M, 2012; Leuner and Dressman, 2000; Reintjes, 2011; Vasanthavada et al., 2005) . It is wellknown that amorphous materials possess short range molecular order and high kinetic energy. Their weaker attractive intermolecular forces result in bonds which are easily broken that allow molecules to be lost from its surface (in the solid state) into a liquid medium easier compared to their crystalline counterparts, therefore they are more soluble and have faster dissolution rate (Shah, N.; Sandhu, H.; Choi, D.S.; Cholkshu, H.; Malick, 2014) . However, amorphous materials have low stability and high 4 tendency to recrystallize within pharmaceutically relevant timescales (Michael, 2007; Sinko, 2011) .
The crystalline state (where molecules possess long range molecular order) is a low energy state which defines its higher stability allowing an adequate physical form control during formulation and storage processes (Michael, 2007; Reintjes, 2011; Sinko, 2011) .
Micronization is a well-known technique for particle size reduction. The reduction of the particle size of an API increases its surface area, contact regions with the external aqueous environment and consequently its dissolution rate (according to the Noyes-Whitney equation). Decreasing the particle size will increase the saturation solubility (Ostwald-Freundlich) and will also result in a thinned hydrodynamic layer surrounding the particle therefore, increasing its surface-specific dissolution rate (Prandtl equation) (Da Fonseca Antunes et al., 2013) . A growing method to improve solubility of poorly water soluble drugs includes the preparation of crystalline SD where the particle size of the drug has been reduced (Michael, 2007; Sinko, 2011) to increase its dissolution rate.
Several methods have been used to prepare SDs (both amorphous and crystalline) such as spray drying , freeze-drying (Naik and Mokale, 2014) , hot melt extrusion (Djuris et al., 2014; Maria Fatima Pina et al., 2014) , pressurised gyration (Raimi-Abraham et al., 2015) and solvent casting method (commonly used to prepare pharmaceutical thin films) (Lan et al., 2010) . Solvent casting method is an easy and manageable technique in which the API can either be suspended or dissolved in a polymer solution and with or without stabilizers. This method is ideal for heat-sensitive APIs as it can be conducted at room temperature (Qi et al., 2013; Brief, 2010) .
Pharmaceutical films offer several advantages for oral drug delivery over other dosage forms. Upon direct contact with saliva (in the oral cavity), they instantly dissolve allowing the release of the API.
Drug-loaded polymeric thin films (with a few micrometres thickness) have attracted attention for a variety of applications including oromucosal drug delivery, bio-adhesive formulations, skin delivery, and wound management (Qi et al., 2013) . Pharmaceutical films are known to improve patient compliance especially in those who have difficulty or aversion to swallowing conventional oral dosage forms (Kianfar et al., 2011) . These advantages make pharmaceutical thin films one of the 5 most portable and convenient oral dosage forms of any available today (Brief, 2010; Ghodake et al., 2013; Koland et al., 2010) .
This study highlights the use of solid microcrystalline dispersion (SMD) films as an alternative strategy to improve the dissolution rate (and in turn oral bioavailability) of poorly water soluble drugs. SMD films are prepared where the drug firstly undergoes gentle micronization resulting in uniform microcrystalline drug particles. Films are then generated using the solvent cast method from an aqueous polymeric base.
The aims of the work detailed here were two-fold. Firstly, to prepare poly(N-vinylpyrrolidone) (PVP, Kollidon 90F) based SMD films (using OLZ as a model API) offering enhanced dissolution rate compared to the API alone. Secondly, to explore the use of poloxamers (poloxamer 188 (P188), poloxamer 407 (P407)) and solubilizing agents (Soluplus® (SLP)) commonly used in the generation of amorphous SDs in melt methods (such as HME) to further improve the dissolution rate of OLZ. 
MATERIALS AND METHODS

Materials
Solid Microcrystalline Dispersions Preparation
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SMD films containing OLZ as microcrystalline structures were prepared using the solvent casting method from an aqueous polymeric base. To ensure a homogeneous particle size distribution of OLZ, prior to film preparation, OLZ was gently milled using a Ball Mill (Ballmill M/C number 2;
Christison Ltd.; Gateshead) for 10 minutes (repeated three times with a cool-down period time of 15 min in between milling) at 150 rpm. The obtained powder was passed through a 63 µm sieve. PVP powders were dissolved in distilled water (in house system) and the poloxamers and solubilizing agents (i.e. P188, P407 and SLP) and OLZ were then added under stirring according to the formulation requirements as summarized in Table 1 . Formulations were dried in a fume cupboard for 24 hours to ensure evaporation of the solvent and allow film formation.
Film morphology and particle size analysis
Scanning electron microscopy (SEM) (JSM 4900LV; JEOL Ltd., Japan) images were collected on freshly prepared films to investigate SMD film morphology and particle size analysis. To improve conductivity prior to examination, samples were coated with 20 nm of gold under vacuum using a PolaronSC7640 sputter gold coater (Quorum Technologies, UK). The average diameter of the drug was determined from the mean value of 100 measurements using ImageJ (USA, version 1.46v).
The particle size of formulated OLZ in SMD films was measured. Prior to the analysis a weighed amount of film was dissolved in distilled water (120 mL) using a Hydro MV Mastersizer 3000 (Malvern; Grovewood Road, UK) at a rotational speed of 2800 rpm.
Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR)
ATR-FTIR studies were conducted to identify any molecular interaction between OLZ and polymers.
Samples were placed on the ATR crystal, sufficient pressure was applied to the sample so as to enable good contact with the ATR crystal, and spectra were collected using a Bruker Vertex 90 spectrometer, from 4000 to 550 cm -1 with 64 scans (same as background) at resolution of 2 cm -1 for 7 each sample. Experiments were conducted under ambient conditions and each sample was examined in triplicate.
Differential Scanning Calorimetry (DSC)
DSC studies were performed using a Thermal Analysis Q1000 differential scanning calorimeter (DSC) equipped with an auto-sampler (TA Instruments, New Castle, DE). Samples were characterised using conventional DSC and modulated temperature DSC (MTDSC) mode.
Conventional DSC studies were conducted at heating rates of 10, 20 and 50 °C/min. MTDSC studies were conducted at a heating rate of 2 °C/min, amplitude of ± 0.318 °C over a period of 60 seconds.
Experiments were performed between 0 °C -200 °C and TA standard crimped pans with holes in the lid were used in all experiments.
Nitrogen purge gas was used with a flow rate of 50 mL/min. Calibration was performed using noctadecane, indium and tin. Heat capacity was calibrated using a sapphire disk (TA Instruments, New
Castle, DE). Measurements were repeated at least in triplicate.
Thermogravimetric Analysis (TGA)
TGA (Hi-Res TGA 2950, TA Instruments) studies were conducted to measure the water content of the prepared films. Experiments were conducted at 10 °C/min from ambient temperature to 200 °C.
TA Standard crimped aluminium pans with accompanying pin holed lids were used.
Hot-Stage Microscopy (HSM)
HSM studies were conducted using a LeicaDM72M (Leica, Germany) with a 10× magnification lens connected to a FP5/FP52 (Mettler Toledo, UK) heating stage unit and a FP90 (Mettler Toledo, UK) central processor unit. Samples were heated from ambient to 200 °C at 10 °C/min. Studio86 Design Capture Software was used to record and capture thermal events in real time.
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Determination of OLZ equilibrium solubility in polymer solutions
The effect of PVP, SLP, P188 and P407 on the aqueous solubility of OLZ was investigated (in ratios presented in Table 1 ). Excess amounts of OLZ powders were dispersed in aqueous polymer solutions for 72 hours and stirred with 150 rpm at 37 o C using a shake incubator (SciQuip, UK). The polymer solutions were then filtered through a 0.22 µm Millex-GP filter (Merck Millipore, UK) and the concentration of OLZ was determined spectrophotometrically at 253 nm.
Drug loading studies
Film samples were dissolved in 10 mL of methanol, filtered through a 0.22 µm Millex-GP filter (Merck Millipore, UK) and the drug content of each sample was determined spectrophotometrically at 253 nm after suitable dilution.
In vitro Dissolution Studies
In vitro dissolution studies were conducted (under sink conditions) using a Copley CIS 8000 dissolution bath (Copley Scientific, UK). The USP paddle method, apparatus USP type II, with a rotation speed of 50 rpm and 900 mL of phosphate buffer pH 6.8 European Pharmacopeia were used.
The temperature was set to 37.0 ± 0.5 °C. The weight of samples used was calculated to keep the amount of OLZ constant at 10 mg in all formulations. At predetermined intervals, 5 mL of solution was withdrawn and filtered through a 0.22 µm filter (Millex-GP filter, Merck Millipore, UK) and replaced with the same amount of fresh buffer. Subsequently, the filtrate was analysed spectrophotometrically at 253 nm. All in vitro dissolution studies were performed under sink conditions. 9 3. RESULTS
Characterization of Raw Materials
As OLZ exists in many polymorphic forms (Maria Fátima Pina et al., 2014) it was important to confirm that the milling process had not induce any polymorphic changes. DSC studies of all raw materials are shown in Table 2 (Bühler, 2008; Kolter, 2013) .
ATR-FTIR studies were conducted to ascertain the effect milling had on the crystalline structure of OLZ. Further studies were conducted to identify any hydrogen bonding interactions between OLZ and the polymers used. ATR-FTIR spectra of milled and un-milled OLZ (Figure 3a) , showed characteristics peaks (Silverstein M. et al., 2005) (Figure 3b ) with further information on band assignment detailed in Table 3 .
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SMD Film Characterization: Particle Size and Morphology
To successfully generate SMD films, it is necessary to ensure that the drug remains (during all formulation stages) present in its crystalline form. DSC and ATR-FTIR studies were conducted to evaluate the crystallinity of OLZ within the SMD films. SEM and LD studies were conducted to measure the mean particle size of OLZ within the formulated films results of which are provided in Table 4 . Overall, particle size in all formulations (i.e. F1-4) ranged between 42-58 µm. Differences were observed between the two sets of measurements which could be due to the irregular shape (nonspherical) of the drug crystals (Figure 4) , which is known to affect particle size analysis using laser diffraction techniques (A.P. Tinke, et al., 2007; Stojanovic, 2012) . In addition, SEM only allows for the analysis of a restricted portion of the sample.
SMD Characterization: Evaluation of drug-polymer interaction
ATR-FTIR studies were used to confirm the presence of OLZ in the crystalline state and evaluate the existence of any interactions occurring between OLZ and the polymers used in each formulation. The region between 1700 and 1200 cm -1 where hydrogen bonding between OLZ and polymers is likely to occur (Coleman et al., 1988) was the main focus of analysis. It is well-known that OLZ has a hydrogen bond donor group (NH) whilst PVP and SLP have one hydrogen bonding acceptor group (C=O) (Reintjes, 2011; Thakuria and Nangia, 2011) . ATR-FTIR studies ( 
Thermal Properties
DSC studies performed on the films were conducted at 10, 20 and 50 °C/min as to improve the sensitivity of detection of small thermal transitions .The best resolution of the different transitions was obtained at 10 °C/min results (shown in Figure 6 ). Overall, DSC studies identified three main 11 thermal events. F3 and F4 showed their first thermal transition at 50.98 °C and 48.34 °C which can be assigned to the Tm of P188 and P407, respectively (Figure 6a ). These results suggested a possible phasic system in these formulations where the poloxamers have not bonded with other components in the formulation. The second thermal transition is a broad endothermic peak occurring at 100 °C which we attributed to water evaporation from the film matrix as confirmed by TGA studies (data not shown). TGA studies confirmed relatively high water content in all formulations around ~13% w/w, this might be due to the residual moisture content in the films, increased surface area combined with the high hygroscopic behaviour of PVP (Rumondor and Taylor, 2010) . The third thermal event observed is thought to relate to the depressed Tm of OLZ however, this is difficult to assign as it also overlaps with the Tg of the PVP.
HSM studies were conducted to confirm OLZ crystalline nature within the thin film using birifrengence as an indication of crystallinity. HSM images (Figure 7) showed that for each formulation the observed Tm of OLZ in fell within a similar temperature range (i.e. 173 -183 °C) as observed in DSC studies however, some crystalline particles were still present at 190 °C. These slight variations of OLZ thermal behaviour in HSM and DSC studies is most likely due to the differences in experimental environment i.e. use of nitrogen purge gas in DSC studies and air in HSM studies.
Determination of OLZ solubility in the polymer solutions
Prior to in vitro dissolution studies, the influence of polymers used on the solubility of OLZ was investigated. Aqueous solutions of PVP, P188, P407 and SLP (at the same ratio as used in each formulation) were prepared and the results are shown in Figure SI1 . Aqueous solubility of OLZ was measured to be 3.33 µg/mL which is comparable to previous findings (Thakuria and Nangia, 2011) .
OLZ aqueous solubility increased over 3 fold (statistically significant as p < 0.001 (Student t -test))
in the presence of PVP, P188, P407 and SLP at various ratios with OLZ/PVP/P188 solution (mimicking F2) improving OLZ solubility the most.
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In Vitro Dissolution studies
OLZ content in all formulations was between 8.60 % ± 0.58 and 12.34 % ± 0.29. Exact values are summarized in Table S1I . In vitro dissolution studies were conducted under sink conditions in PBS pH 6.8 (Figure 8 ). All formulations showed immediate drug release characteristics and increased dissolution rate of formulated OLZ compared to unformulated OLZ alone. More specifically, F2
formulation (which contained OLZ, PVP and P188), showed the fastest release at the onset, reaching 100% release just after 20 min. In contrast, unformulated OLZ showed 10% drug release after 20 min reaching 100% release after 20 hours. F3 and F4 formulations had a slower drug release rate compared to F2 with ~40 % and 60% OLZ release observed after 20% respectively and 100% of drug released at 20 hours for both formulations. This could be due to the low concentration of P407
within the formulation, findings in the literature (Datta et al., 2011; Lan et al., 2010; Lim et al., 1971; Reintjes, 2011) have suggested that a percentage between 25 and 95% of P407 is preferred to offer enhanced drug solubility effects. In a similar way, SLP has shown to offer improved drug dissolution at percentages 10% and above.
DISCUSSION
This study has highlighted the potential of SMD films as an alternative strategy to improving the dissolution rate (and in turn oral bioavailability) of poorly water soluble drugs such as OLZ. SMD films are generated using a relatively straightforward two-step process involving gentle API micronization followed by film formation via the solvent cast method. PVP-OLZ SMD films with poloxamers and solubilizing agents added were generated. High MW PVP (i.e. Kollidon 90F) was used as the base polymer due to its well-known capabilities in pharmaceutical film formation in particular as a strengthening polymer in the development of fast dissolving films (Ali et al., 2005; Qi et al., 2013 ) (Augello et al., 2004 . The aims of the work detailed here, was to prepare PVP-OLZ
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SMD films offering faster dissolution rates of OLZ and further enhance this effect through the addition of poloxamers and solubilizing agents.
Particle size analysis of OLZ particles within the formulated SMD films confirmed that drug particles were present in the micron range (i.e. 42 -58 µm). With further characterisation of the films using ATR-FTIR, DSC and HSM methods confirmed that OLZ was well maintained in its crystalline state (without the induction of polymorphic changes). Immediate drug release and increased dissolution rate of formulated OLZ compared to OLZ alone was observed. Micronization is known to increase drug dissolution rate by increasing the surface-area-to-drug ratio though this process does not increase drug equilibrium aqueous solubility (Khadka et al., 2014) . Poloxamers and solubilizing agents were added to SMD films to exploit their known benefits in dissolution and solubilization enhancement commonly applied in amorphous SD melt generation methods. Their ability to act as stabilizers due to their ability to prevent crystal agglomeration and reduce the occurrence of Ostwald ripening (Ali et al., 2005; Kolter K, Karl M, 2012; Mike Evangelista et al., 2015) was also exploited.
The F2 formulation (which contained OLZ, PVP and P188), showed the fastest dissolution rate (at the onset), reaching 100% release after just 20 minutes compared to the other formulations. This phenomenon observed could be due to the higher proportion of oxyethylene segments present in P188 compared to P407, giving it greater hydrophilic properties (Medarević et al., 2015) . The greater hydrophilic nature of P188 is further confirmed by its higher hydrophilic-lipophilic balance (HLB) compared to P407 (Lippens et al., 2013) . Overall in this study, we have used the combined influence of micronized drug particles and improvement of drug aqueous solubility (due to the influence of polymer agents used) to develop SMD films which result in enhanced dissolution rate (compared to the unformulated drug alone).
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CONCLUSION
This study successfully generated PVP-OLZ SMD pharmaceutical films leading to a significant improvement in OLZ dissolution rate. Strategies were employed to ensure that OLZ was well maintained in its crystalline state (without the induction of polymorphic changes) throughout the formulation process. All formulations saw faster dissolution of OLZ compared to the drug alone.
This study highlights the potential of SMD films as a strategy to increase aqueous solubility of poorly water soluble drugs as well as enhancing dissolution rate which in turn could result in enhanced oral bioavailability in vivo. Furthermore, as the crystalline state of the drug can be maintained, higher stability is expected over pharmaceutically relevant time frames. 
